Essential oils distilled from Cymbopogon species are of immense commercial value as flavors and fragrances in the perfumery, cosmetics, soaps, and detergents and in pharmaceutical industries. Two major constituents of the essential oil, geraniol and citral, due to their specific rose and lemon like aromas are widely used as flavors, fragrances and cosmetics. Citral is also used for the synthesis of vitamin A and ionones (for example, β-ionone, methyl ionone). Moreover, Cymbopogon essential oils and constituents possess many useful biological activities including cytotoxic, anti-inflammatory and antioxidant. Despite the immense commercial and biological significance of the Cymbopogon essential oils, little is known about their biosynthesis and regulatory mechanisms. So far it is known that essential oils are biosynthesized via the classical acetate-MVA route and existence of a newly discovered MEP pathway in Cymbopogon remains as a topic for investigation. The aim of the present review is to discuss the biosynthesis and regulation of essential oils in the genus Cymbopogon with given emphasis to two elite members, lemongrass (C. flexuosus Nees ex Steud) and palmarosa (C. martinii Roxb.). This article highlights the work done so far towards understanding of essential oil biosynthesis and regulation in the genus Cymbopogon. Also, based on our experiences with Cymbopogon species, we would like to propose C. flexuosus as a model system for the study of essential oil metabolism beyond the much studied plant family Lamiaceae.
Introduction
The genus Cymbopogon belongs to the tribe Andropoganeae of the family Poaceae (Gramineae). It is reported to include about 140 species, almost all of which are aromatic [1] . Several species, such as palmarosa (C. martini Roxb.), lemongrass (C. flexuosus DC. Stapf), citronella java (C. winterianus Jowitt) and jamarosa (hybrid of C. nardus x C. jwarancusa) are natural sources of essential oils [1] [2] [3] . Their essential oils have immense commercial values in flavors, fragrances, cosmetics, perfumery, soaps, detergent, toiletry, tobacco and pharmaceutical industries [3] .
Essential oils of a number of species of Cymbopogon, including palmarosa, lemongrass and citronella have been extensively investigated for their chemical compositions [1, 3, 4] , which are characterized by the presence of monoterpenes, such as citral (mixture of two isomer geranial and neral), geraniol, citronellol, citronellal, linalool, elemol, 1,8-cineole, limonene, βcaryophyllene, methyl heptenone, geranyl acetate and geranyl formate. These monoterpenes are mainly derived from geranyl diphosphate (GPP) after various secondary transformations viz., isomerization, acetylation, deacetylation, cyclization and dehydrogenation. [5, 6] . Geranyl diphosphate, a universal monoterpene precursor, however, is synthesized by the fusion (head to tail) of isopentenyl diphosphate (IPP) and its isomer, dimethylallyl diphosphate (DMAPP). The IPP in plants is synthesized via either acetate-MVA or a new methyl-erythritol-4-phosphate (MEP) pathway. The MEP pathway is believed to be a source of IPP for monoterpenes [7] [8] [9] . Recently, an enzyme, geraniol synthase (GES), has been characterized that utilizes GPP for the formation of geraniol in Ocimum sanctum, Cinnamomum tenuipilum and Perilla [10] [11] [12] . Geraniol synthase is a monoterpene synthase that diverts GPP from its possible elongation by prenyltransferases.
Essential oils of East Indian lemongrass (C. flexuosus), West Indian lemongrass (C. citratus) and C. pendulus, highly rich in citral, are widely used as flavors and fragrances in cosmetics and perfumery, and also for the synthesis of vitamin A and ionones for example, βionones, methyl ionone. Synthetic citral, derived from conifer turpentine, is normally used for these purposes [20] . Citral, a racemic mixture of cis-and transisomers is an acyclic monoterpene aldehyde, which gives a pungent lemon-like aroma to essential oils of Cymbopogon spp. [2, 3] . Citral is reported to possesses several useful biological properties, such as antifungal (against plant and human pathogens) [21] , bactericidal [22, 23] , and insecticidal activities [24] . In contrast to essential oil of C. flexuosus, essential oils of C. martinii and C. flexuosus mutant cv. GRL-1 are highly rich in geraniol, an acyclic monoterpene (C 10 ) alcohol which gives a characteristic rose-like odor to essential oils. Geraniol like citral is one of the most widely used perfumery chemicals in soaps, detergents and cosmetics for its rose like smell. However, acetate of geraniol has been reported to influence the quality of essential oils [25] .
Essential oil biosynthesis in Cymbopogons
In Cymbopogon, essential oils are mainly composed of mixtures of cyclic and or acyclic monoterpenes. However, biosynthesis of essential oils and monoterpenes in Cymbopogon spp. is only partially understood. Now it is well known from studies on many genera producing essential oils and monoterpenes that these products are biosynthesized by a newly discovered methyl-D-erythritol-4-phosphate (MEP) pathway, perhaps in Cymbopogon as well. However, the MEP pathway has yet not been fully/or partially elucidated in this genus and studies carried out so far have supported the role of the acetate-MVA pathway in essential oil biosynthesis. Almost two decades after the discovery of a MEP pathway in other plant families, it still remains a subject for thorough investigation in the genus Cymbopogon. Nevertheless, our research group has recently initiated studies in C. flexuosus using [ 13 C]glucose in combination with NMR spectroscopy for elucidation of the MEP pathway. The current knowledge we have about monoterpene biosynthesis and regulation in plants, including the elucidation of the MEP pathway and cDNAs encoding MEP pathway enzymes has been largely come from exhaustive studies carried out on members of the Lamiaceae, Pinaceae, Rutaceae, Myrtaceae, Asteraceae and other families. cDNA of the important enzymes involved in monoterpene formation has helped in understanding the molecular regulatory mechanisms in essential oil biosynthesis. Today, we have on hand the cloned genes of both classical acetate-MVA and MEP pathways isolated and characterized from a number of plants. In our laboratory, geranyl acetate esterase (GAE), which influences the quality of essential oils of C. martinii var. motia and C. flexuosus mutant cv. GRL-1, is currently being purified and characterized.
Geranyl diphosphate (GPP) is thought to be a universal precursor of monoterpenes in plants and animals. The GPP is synthesized by the condensation of isopentenyl diphosphate (IPP) and its isomer dimethylallyl diphosphate (DMAPP). Isopentenyl diphosphate is the structural unit of all the isoprenoids synthesized in plants. Plants use two separate biochemical pathways localized in two different cellular compartments for the formation of IPP: (1) cytoplasmic acetate-MVA and (2) Plastidic, 1-deoxy-D-xylulose-5-phosphate (DOXP) or methyl-erythritol-4-phosphate (MEP) pathways ( Figure  1 ). While the acetate-MVA pathway leads to the synthesis of sterols, sesquiterpenes and triterpenes the MEP pathway leads to the formation of monoterpenes, diterpenes, carotenoids, phytal (a side chain of chlorophylls), plastoquinone-9 and isoprene.
1. The acetate-MVA pathway of IPP formation
In acetate-MVA pathway, sequential condensation of three acetyl-CoA generates 3-hydroxy-3-methylglutaryl-coenzyme-A (HMG-CoA) ( Figure 1 ). The HMG-CoA is then converted into mevalonate in an irreversible reaction catalyzed by 3-hydroxy-3methylglutaryl-coenzyme-A reductase (HMG-CoA reductase or HMGR, EC 1.1.1.34) [26, 27] . The HMGR is a highly conserved enzyme in eukaryotes that catalyzes a rate-limiting step of IPP biosynthesis in animals and most possibly sterol biosynthesis in the cytoplasm of plants. Though HMGR is a key enzyme in the cytoplasmic acetate-MVA pathway, its activity could not be correlated with the rate of biosynthesis of plastid bound prenyllipids like chlorophyll and carotenoids. The six-carbon mevalonate is then sequentially phosphorylated and decarboxylated to generate IPP by enzymes mevalonate kinase (MVK), mevalonate-5-phosphate kinase (PMK) and mevalonate-5-diphosphate decarboxylase (PMD).
It is suggested that MVA is a precursor of cytoplasmic IPP biosynthesis, but not of the plastidic IPP [28] . There are number of evidences available in favor of the MEP pathway's involvement in monoterpene formation in plants [29] . As regard to the genus Cymbopogon, studies on C. flexuosus and C. martinii have suggested acetate-MVA origin of essential oils and monoterpene components. Most of the work on Cymbopogon in relation to essential oils biosynthesis and regulation in India has been carried out at Central Institute of Medicinal and Aromatic Plants. Many previous studies with C. flexuosus and C. martinii using radiolabel substrates, such as [2-14 C]-acetate, 14 CO 2 , and [ 14 C]sucrose have revealed that essential oils are mostly biosynthesized and accumulated in immature leaves and inflorescence [13, 15, [30] [31] [32] . These studies have suggested the involvement of acetate-MVA pathway in essential oil biosynthesis in Cymbopogon spp.
MEP pathway of IPP formation:
It is now established that plants use the MEP pathway for the formation of hemi-, mono-, di-, and sesquiterpenoids [9, [33] [34] [35] [36] [37] . The plastid is the site of the MEP pathway of IPP formation [38, 39] . According to the MEP pathway, isopentenyl diphosphate (IPP) formation starts from pyruvate and glyceraldehyde-3-phosphate (GA-3-P) ( Figure 1 ). In this pathway, the first intermediate is a straight chain carbohydrate 1-deoxy-D-xylulose-5-phosphate (DOXP) formed by transfer of a C 2 -unit, derived through pyruvate (hydroxyethylthiamine) to GA-3-P, in a thiamin-dependent transketolase-type reaction [40] . Further enzymatic steps may involve the formation of 2-C-methyl-Derythritol-4-phosphate (MEP). This is consecutively converted into 4-diphosphocytidyl-methylerythritol (CDP-ME), 4-diphosphocytidyl-methylerythritol (CDP-MEP) and methyl-erythritol 2, 4-cyclodiphosphate (ME-cPP). These reactions are carried out by CDP-ME synthase (CMS, EC 2.7.7.60), CDP-ME kinase (CMK, EC 2.7.1.148) and ME-cPP synthase (MCS, EC 4.6.1.12). Methyl-erythritol 2, 4-cyclodiphosphate (ME-cPP) then converts to hydroxymethylbutenyl 4-diphosphate (HMBPP) by an enzyme hydroxylmethylbutenyl 4-diphosphate synthase (HDS, EC 1.17.4.3). HMBPP is finally converted into a mixture of IPP and DMAPP by the enzyme HMBPP reductase (HDR, 1.17.1.2) [41, 42] (Figure 1 ). The transformation of DOXP to IPP involves rearrangement of a C 2 -unit of DOXP, originating from pyruvate between C-1 and C-2 of GA-3-P. The transfer of methyl-d-DOX and d-DOX via IPP into isoprene and phytal [40] is additional evidence for the C-skeleton rearrangement in the MEP pathway. The specific incorporation of 13 C-labeled DOX into ubiquinone of E. coli provides additional corroboration. Recently, we have summarized information on various cloned genes encoding enzymes of the MEP pathway in plants [43] .
Certainly, discovery of a MEP pathway has dictated reinvestigation of essential oils biosynthesis and regulation in the genus Cymbopogon. At present, we have very little information on the operation of the MEP pathway in Cymbopogon, but monoterpenes of essential oils are most likely derived from the MEP pathway in this genus. Earlier incorporation studies, involving mevastatin has favoured the role of the MEP pathway in the biosynthesis of monoterpene constituents of the essential oil in C. flexuosus mutant cv. GRL-1 leaves [32] . Mevastatin is a potent inhibitor of cytosolic HMGR, a key enzyme of the acetate-MVA pathway. Therefore, if the essential oils of Cymbopogon spp. are of acetate-MVA origin, their biosynthesis would have been arrested by mevastatin. In addition, our recent studies with 13 C-glucose in combination with quantitative NMR spectroscopy also favoured the MEP pathway in C. flexuosus cultivars (unpublished). In the past two decades, in a number of plants, terpenoid biosynthesis has been studied using 13 C-glucose in combination with NMR spectroscopy and the role of MEP pathway in the biosynthesis of terpenoids, including monoterpenes, has been established. Currently, in several plants, monoterpene biosynthesis is being re-investigated. In our previous article "cloned genes of the MEP pathway in plants" we have provided information on existence of the MEP and acetate-MVA pathways in higher plants [43] .
Tight integration of essential oil biosynthesis with primary metabolism
Secondary metabolic pathways derive substrates/or precursors, co-factors, energy (ATP) and reducing power (NADPH) for their synthesis from the primary biosynthetic reactions [13, 32] . The secondary metabolism is presumably co-coordinated to primary metabolism at the rate with which the substrate can 'branch off' from primary pathways and 'funnel' into secondary biosynthetic routes [18] .
In Cymbopogon spp. the relationship between primary and essential oil biosynthesis has been studied by application of metabolic inhibitors of oxidative pathways [13, 32] . Metabolic inhibitors, such as sodium fluoride, arsenate, borate, and 2,4-dinitrophenol, substantially reduce the rate of essential oil biogenesis in C. flexuosus in terms of substantial reduction in the amount of [2-14 C]-acetate incorporation into the essential oil [13, 32] .
Earlier studies with C. flexuosus have revealed that the metabolism of sucrose and mobilization of starch is most rapid in immature and young leaves ensuring an efficient supply of carbon precursors, co-factors, energy and reducing power for various biosynthetic purposes, including essential oil biosynthesis [13, 32] . In C. flexuosus and C. martinii, the activity of the sucrose metabolizing enzyme acid invertase and starch degrading enzyme (β-amylase) is also exceptionally high during early stages of leaf and inflorescence expansion, the period when the rate of essential oil biosynthesis is highest [30] . Products and transient starch breakdown could be respired in situ and/or exposed to carbon heterotrophic cells in the form of sucrose. It is suggested that the in vivo synthesis of essential oil is directly influenced by the presence of sucrose or equivalent products of photosynthesis, which in turn, might be controlled by the balance between production of photosynthate and their utilization.
Essential oils in Cymbopogon spp. are presumably synthesized via the acetate-MVA pathway in oil glands, and the major route of precursor and co-factors generation appears to be sugar-phosphate metabolism via glycolysis and the pentose phosphate pathway [29] . The catabolism of carbohydrates leads to in vivo generation of ATP, reduced nucleotides and the substrate for monoterpene biosynthesis.
Generation of acetyl-CoA, ATP and reducing power are produced by oxidative pathways [13, 32] . Any fluctuation in the primary metabolites and variation in enzyme activity of energy and reducing power yielding reactions affects the rate of secondary metabolism.
Biosynthesis of major essential oil constituents, geraniol and citral
The biosynthesis of geraniol in Cymbopogon spp. can be conveniently treated in three steps ( Figure 2 ). Step I: Phosphatase (GPPase) mediated formation of geraniol.
Step II: Acetylation of newly synthesized geraniol catalyzed by geraniol acetyl transferase (GAT), leading to geranyl acetate formation and Step III: Deacetylation of geranyl acetate into geraniol in a reaction catalyzed by geranyl acetate esterase (GAE). Thus, the level of geraniol in C. martinii var. motia and C. flexuosus mutant cv. GRL-1 oil depends upon the relative activities of the above three enzymes. Recently, studies on Ocimum, Cinnamomum and Perilla have demonstrated the role of geraniol synthase (GES) in the formation of geraniol from GPP [10] [11] [12] . However, in Cymbopogon species, the role of GES in the formation of geraniol has not been studied so far and remains, therefore, uncertain. Nevertheless, identification of GES would raise more speculations about geraniol biosynthesis in plants. Therefore, it is interesting to reexamine geraniol biosynthesis in Cymbopogon species in view of the role of GES. In C. flexuosus, geraniol is subjected to oxidation by an enzyme geraniol dehydrogenase to produce citral. However, this step is presumed to be metabolically blocked in C. flexuosus mutant cv. GRL-1, hence very high amount (90%) of geraniol is observed in essential oil. Sangwan et al. [44] have isolated and partially purified NADP + -dependent geraniol dehydrogenase from C. flexuosus leaves that catalyze conversion of geraniol into citral.
Step I: Phosphatase (GDPase) mediated formation of geraniol: It is known that acyclic monoterpenes, such as geraniol arise from chemical modifications of either GPP or NPP, while the cyclic monoterpenes, such as limonene, α-pinene, and β-pinene are generally considered to be derived from either NPP or less probably from the isomeric linalool esters, as GPP, because of steric hindrance, cannot cyclize directly [6, 45] . The phosphatase mediated hydrolysis of GPP and NPP to their corresponding alcohols in several plants have been documented previously [46, 47] . The prenyl phosphatases from orange flavedo (Citrus sinensis) are reported to generate alcoholic components from their corresponding pyrophosphates, GPP, FPP and NPP [47] . Nah et al. [48] have reported two distinct Mg 2+ independent allyl diphosphatases, which convert farnesyl diphosphate (FPP) and geranyl-geranyl diphosphate (GGPP) into farnesol and geranyl geraniol, respect-tively. In our recently published article we reported the phosphatase mediated formation of geraniol in C. flexuosus mutant cv. GRL-1 (Figure 2) [25] .
Step II: Acetylation of geraniol into geranyl acetate: Only few reports are available on transacetylases catalyzing acetylation of monoterpenols into monoterpenyl acetates. The first transacetylase isolated and characterized was from peppermint (Mentha piperita), which catalyze the transformation of menthol to menthyl acetate [49] . A transacetylase, named as acetyl-CoA: geraniol acetyltransferase (AAT) from rose petals has been isolated, characterized and cloned [50] . Perhaps AAT is the only known transacetylase enzyme that catalyzes the formation of geranyl acetate (GA) from geraniol (G) in plants. The AAT is a developmentally regulated enzyme [50] .
In C. flexuosus, larger fraction of G is immediately acetylated to GA by the transacetylase. Later, GA is slowly hydrolyzed to produce geraniol by the action GAE. GAE is a developmentally regulated enzyme which exists in several isoforms. GAE activity is found to be maximum during early leaf and/ or inflorescence developmental stages in C. flexuosus and C. martinii. GAE activity is comparatively much higher than the activity of geraniol acetyl transferase (GAT) (GAT is similar to that of AAT of rose petals), hence, it could not be isolated from both C. flexuosus mutant cv. GRL-1and C. martinii [25, 51] .
Step III: Deacetylation of geranyl acetate into geraniol: The transformation of monoterpenyl acetate into monoterpenol is catalyzed by esterases and is believed to be an important step in determining monoterpene compositions of the essential oils. The transformation of GA into G has been demonstrated in C. martinii var. motia inflorescence and C. flexuosus mutant cv. GRL-1 leaves. An esterase involved in this transformation has been identified and isolated from C. martinii var. motia inflorescence and C. flexuosus mutant cv. GRL-1 leaves and named as geranyl acetate esterase (GAE) ( Figure 2 ) [25, 51] . A very similar esterase, menthyl acetate esterase (MAE) involved in the transformation of menthyl acetate to menthol in M. piperita has been reported, previously [49] . Werrmann and Knorr [52] have reported that cell suspension cultures of M. canadensis and M. piperita catalyze the conversion of menthyl and neomenthyl acetate into menthol and neomenthol, respectively. Similarly, the cell cultures from different Mentha spp. have also shown their potential to produce L-menthol from L-menthyl acetate.
Geraniol synthase (GES) mediated formation of geraniol:
The first geraniol synthase (GES) catalyzing the formation of geraniol from the universal precursor GPP was isolated and characterized from the peltate glands of sweet basil [10] . Later, two very similar GES involved in the formation of geraniol from GPP have been characterized from Cinnamomum and Perilla [11] [12] . GES belongs to a terpene synthase family and this was confirmed after sequence analysis and its reaction mechanism. GES has yet not been isolated from Cymbopogon spp..
Regulation of essential oil biosynthesis

Developmental regulation:
One of the important characteristics of essential oil accumulation is its dependence on the developmental stages of the concerned organ/plant part. The ontogeny of the leaves or inflorescence (flower buds), their origin, their expansion to full development and finally their loss through senescence is particularly important in plants in which the leaves/inflorescence themselves contain the commercially valuable products. Essential oil accumulation has been reported to be associated with the early growth period in Cymbopogon spp. [26] .
Furthermore, essential oil composition and content were correlated with developmental stages of plants. Gershenzon and Croteau [53] reported a correlation between oil composition and developmental stages of Mentha spp., such as M. arvensis [54] and M. piperita [55] . A significant increase in monoterpene synthesis has been reported at the time of flowering and a rapid decline at the full bloom stage. McConkey et al. [56] also reported that monoterpene production in peppermint (M. x piperita L.) glandular trichomes, as determined by 14 CO 2 , is restricted to leaves 12 to 30 days of age.
The essential oil and citral contents of C. flexuosus have been found to be related to growth stage [26] . As citral (85%) is the main constituent of lemongrass oil, any alteration in oil content is reflected in citral yield. Monoterpene content and composition also changes considerably during C. winterianus leaf development [17] . The relative percentage of geraniol and citronellol in the oil from immature leaves increase with an increase in tissue age along the leaf blade and was accompanied by a corresponding decrease in geranyl acetate and citronellyl acetate. During leaf ontogeny the amount of citronellol, geraniol and citronellal in the essential oil increased with leaf expansion, whereas the amount of geranyl acetate and citronellyl acetate decreased. On maturity, a significant decrease was observed in essential oil, citronellal and geraniol contents [17] . Recently, Ganjewala et al. [3] have reported ontogenic variation in the essential oil content and constituents in cultivars of C. flexuosus [3] . The essential oil content (ranged between 0.5 to 1.64%) from stage 1 (green plant spikes initiated) to stage 9 (30 to 50% leaves brown) and the composition of the oil with respect to percentage of main components of khavigrass oil changes with ontogeny. In C. martinii, the oil from harvest at the early seed formation stage was of the best quality. The geraniol content of C. martinii oil increased from 64.8% at the vegetative stage to 81.4% at the flowering stage; this increase was formed at the expense of geranyl acetate [57] .
Dubey et al. [19] reported changes in the essential oil content and composition during C. martinii var. motia inflorescence development. The essential oil content was found to be maximum at the immature inflorescence (unopened spikelets) stage and decreased with development. The proportion of geranyl acetate in the oil decreased significantly with a corresponding increase of geraniol during C. martinii var. motia inflorescence development.
Seasonal variation:
The essential oil content and composition of aromatic plants is invariably influenced by climate/ season and diurnal effects [26] . Seasonal fluctuation in geranyl diphosphate synthase activity and cyclic monoterpenes was noted in rose geranium (Pelargonium graveolens) [58] . In C. winterianus essential oil, citronellal and geraniol contents were maximal during October and November, while the September harvest gives more citronellal [59] . The maximum accumulation of citral occurred during the day when the temperature was highest [60] . In C. flexuosus, the citral content remained more or less unaffected by seasonal fluctuation [26] . The study on ten diverse but highly selected clones of lemongrass, however, indicated seasonal variability in the essential oil content; the September harvest gave the lowest yield. C. citratus leaves collected during the dry hot season yielded the maximal amount of oil (0.31-0.48%) and citral (31-45.2%). A decline in oil and citral content was observed during the rainy season [61] . Lemongrass grown in the Tarai climate of Uttar Pradesh contains maximum citral content in October and June and lowest in August during the rainy season [62] . Mevalonate-5pyrophosphate (PMD/ or MVAPP) decarboxylase (enzyme of acetate-MVA pathway) from C. citratus exhibit seasonal variation in its activity, which was found to be at a maximum from March to June and decreased with the onset of the monsoon. The activities of mevalonate kinase (MVK) and phosphomevalonate kinase (PMK) have also been detected in the extracts from green leaves of C. citratus [63] . Both these enzymes are responsible for the synthesis of MVAPP, which leads to IPP formation [63] .
The harvesting of the palmarosa (C. martinii) crop in summer yielded less amounts of geraniol and more of geranyl acetate in the oil. The growth stage and harvesting time in a particular adapto-climatic condition have a profound influence on the quality of palmarosa oil [64, 65] . Hearth and Ormrod [66] reported the influence of temperature on the oil constituents of C. nardus indigenous to Sri Lanka. The desired constituent, citronellal, was highest at low temperature and the low value constituents, for example, borneol and monoterpene hydrocarbons were enhanced by high temperature. Seasonal variability in the essential oil of Salvia officinalis leaves has also been reported. The oil content is maximal during July (full vegetation stage), whereas the commercially more valuable constituent, thujone is maximal during October [67, 68] . The fruits of annual caraway (Carum carvi) varieties generally have lower essential oil contents than the fruits of biennial varieties [69] .
Essential oil accumulating site
Biosynthesis and accumulation of monoterpene components of the essential oils is associated with the presence of specialized secretory structures, such as trichomes, secretory cavities, idioblasts, glandular hairs, and resin ducts that compartmentalize these often toxic compounds from metabolically active cells [53,70,71,] . Several reviews have been published on essential oil secreting specialized structures in aromatic plants [72] [73] [74] . Histochemical methods and electron microscopy have been proven to be extremely useful for the detection of the essential oil accumulating sites in plant tissues. An aniline blue stain was used to determine certain structural characteristics of the Salvia aurea secretory organs, specifically the presence of cutin as a component of the stalk cells of peltate glandular trichomes. Nitrous acid has been used to detect and localize phenols in secretory structures of plant species from 26 families and in the conifer Picea abies (Pinaceae) [75] . Gersbach et al. [76] have developed a new method for the histochemical localization of monoterpene phenols in essential oil secretory structures (trichomes) in Lamiaceae species (Thymus vulgaris L., Oreganum vulgaris L. and M. x piperita L.). In this method, a reagent consisting of 4-nitrosophenol in concentrated H 2 SO 4 was used for the identification of phenols, which change color upon interaction with phenol to red and green due to indophenols formation.
In the Lamiaceae, two classes of secretory structures (glandular trichomes) are found. Peltate glands, which consist of a stalk cell attached to the leaf, four to eight secretory cells attached to its stalk cell, and an oil sac (sub-cuticular space) above the secretory cells, which stored essential oil components [29, [77] [78] [79] . Capitate glandular trichomes, on the other hand, consist of one or two secretory cells that sit atop a stalk of one to several cells. These glands possess only a small oil sac, if one is present at all. Peltate glands have been shown to produce monoterpenes and sesquiterpenes [77] [78] [79] . Plants that contain concentrations of defense compounds of the phenylpropene class (eugenol, chavicol and their derivatives, for example, methyleugenol, an important component of many floral scents) have been recognized as important species for human consumption (for example, cloves) and have high economic value. Gang et al. [80] demonstrated that the peltate glands are the site of storage and, most likely, biosynthesis of the prenylpropenes found in basil leaves.
Glandular trichomes, however, are not found in Cymbopogon, the species of which store essential oils in glandular micro-hairs. Five types of glandular micro hairs have been reported on the adaxial surface of the epidermis in various strains of C. winterianus and their numbers are correlated with the chemical composition of essential oils [81] . The site of essential oil accumulation in C. flexuosus cv. OD-19 has been detected using a histochemical method based on aldehyde specific Schiff reagent [16] . It was found that the essential oils are accumulated in the leaf mesophyll cells commonly adjacent to non-photosynthetic tissue and in between vascular bundles. Although from the above discussion it is apparent that Cymbopogon essential oil yield and composition is subjected to developmental and seasonal regulation, virtually no information is available on compartmentalization and its role in regulation of the essential oil in the genus Cymbopogon. In contrast, in family like Lamiaceae the compartmentation of the sites of essential biosynthesis and accumulation has been well documented with precise regulatory roles.
Conclusion
The discovery of the MEP pathway has significantly changed our understanding of the monoterpene biosynthesis and regulation in plants in the past few years. Rapid identification and characterization of the genes encoding the enzymes of MEP pathway has opened new door for manipulation of essential oil yield and composition. Perhaps, these are the times when the state of art of secondary metabolites including monoterpene biosynthesis and regulation researches is passing through the most advanced stages. Unfortunately, the genus Cymbopogon still remains cut off from these developments. As a result, the knowledge gap between genus Cymbopogon and other genera has been widened in past few years. In view of high commercial value of Cymbopogon essential oils, understanding of the molecular regulatory processes underlying their biosynthesis is highly desirable for engineering of the essential oil biosynthetic pathways to enhance and improve yield and quality of essential oils. The elementary knowledge of the developmental and seasonal regulation of the essential oil biosynthesis in Cymbopogons would perhaps be an aid for metabolic engineering of the essential oils in future. providing facilities. We specially acknowledge the financial support under "Fast Track Scheme for Young Scientists" of the Department of Science and Technology (DST), Government of India, New Delhi.
